This research presents the influence of manufacturing processes and heat treatments on the resulting microstructures and mechanical properties of an API 5L PSL2 seamless steel pipe. Three different conditions are considered -as rolled, normalized and quenched and tempered -to obtain the grades X42R, X42N and X70Q, respectively. Scanning electron microscopy techniques was used to characterize the resultant microstructures. Tensile, hardness, impact, fracture toughness (J integral) and fatigue crack growth tests (da/dN x ΔK) were used to study the materials mechanical behavior. The results show the possibility of achieving API grades for a seamless pipeline steel, through suitable heat treatments. The microstructural modifications and mechanical properties changes observed showed a remarkable structure-properties relationship of the steel, and attempt to a proper selection as required by the structural design. The quenching and tempering process increased tensile mechanical properties and fracture toughness, but combined to a significant decrease in fatigue crack growth resistance.
Introduction
High strength low alloys steels (HSLA) have been used for the production of pipes for more than 30 years. However, the alloy design of pipeline grades is being continuously modified and the process technology optimized because of increasing demand of high strength-toughness combination requirement of pipeline steels [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This demand is related to the increase of oil and gas world production and the consumption of their products. To achieve this demand, it is necessary that the pipes have large diameters and work under high internal pressures in order to increase the transportation efficiency, and avoid the use of very high wall thicknesses in order to reduce its weight and to decrease the project cost. The microalloyed steels are obtained by thermomechanical processing (in case of welded pipes) or heat treatment, e.g. quenching and tempering heat treatment (in case of seamless pipes), and have a characteristically microstructure consisting of well-selected phases and refined grain sizes.
The American Petroleum Institute (API) provides standards for pipe that are suitable for use in conveying gas, water, and oil in both the oil and natural gas industries. The API 5L
12 specification describes the requirements of chemical composition, tensile test characteristics and impact toughness behavior. The property requirements of steel vary depending on the particular application and operating conditions. The basic requirements, however, are high mechanical strength together with superior toughness at low temperature and excellent weldability. It is also important that steels should exhibit superior corrosion resistance.
Cracks can nucleate and propagate in pipelines during its operation, while the structure can be subjected to operational static overloads or cyclic loads, and a catastrophic failure can occur. In this context, the knowledge about the resistance to fracture of steels is very important, to provide information for pipeline design and materials selection during construction and predict the operational life of pipeline. To evaluate fracture properties of pipeline steels, various laboratoryscale testing methods have been studied since 1980s. Among them, Charpy V-notch impact test (CVN) and drop-weight tear test (DWTT) are most widely used to characterize the resistance to static loads, while S-N curves and ε-N curves represent the fatigue behavior of the steel. However, these methods are not based on fracture mechanics concepts to evaluate fracture toughness and fatigue resistance, and their data have large deviations because they largely depend on the specimen size and geometry. Little information is available on fracture toughness [13] [14] [15] [16] [17] [18] [19] and fatigue crack growth resistance [20] [21] [22] , mainly on near-threshold fatigue crack growth behavior. It is also important to note that the publications are mainly concentrated on welded microalloyed steel pipes, obtained from thermomechanical operations (controlled rolling), with a characteristically complex microstructure. Regardless of the manufacturing process, the technical literature assigns an improvement of mechanical properties to the strict control of chemical composition (especially inclusion content and shape control, presence of microalloyed elements), lower volume fraction of M-A constituent, smaller effective ferritic grain size, presence of acicular ferrite, refinement of the martensitic structure Conventional heat treatments applied to seamless steel pipes result in special microstructures that allow greater mechanical resistance and fracture toughness than thermomechanical processing applied to welded steel pipes, showing the advantage of manufacturing seamless steel pipes when compared to welded steel pipes. Consequently, it can observe that seamless steel pipes do not require high grades as welded pipes because intermediate grades for the seamless pipes have similar mechanical properties to the high grades for the welded pipes. There is a huge advantage in the manufacturing process of seamless steel pipes, because from a relatively simple steel, as the steel in this research, and with the assistance of conventional heat treatment processes, it is possible to achieve intermediate grades, unlike welded pipes that require more elaborate and rigorous chemical composition in addition to a specific thermomechanical processing with many processing parameters such as reheating temperature, percentage reduction, deformation temperature, cooling rate, and coiling temperature. Unfortunately, much of what is studied about seamless steels is not published due to industrial restrictions and information security, but engineers and researchers in the Vallourec Group (one of the most important world producer of seamless steel pipes) has access to this information and mention the advantages of this route for the production of pipes in their papers [32] [33] [34] . Therefore, the present research was carried out to evaluate the behavior of an API 5L PSL2 seamless pipeline steel manufactured by one of the Vallourec steel plants in Brazil. Three different processing routes were adopted -hot rolling, normalizing heat treatment and quenching and tempering heat treatment -to achieve three different API grades: X42R, X42N and X70Q, respectively. An objective of this research was to show the possibility of achieving API 5L grades from a seamless steel pipe, using a relatively simple chemical composition and conventional heat treatments (a relatively inexpensive steel). Another objective of this study was to verify the influence of the resultant microstructures on mechanical properties of the seamless steel pipe, mainly its fracture toughness and its fatigue crack growth resistance.
Materials and Experimental Procedures
The steel studied was manufactured by the company Vallourec & Sumitomo Tubos do Brasil (VSB) and was provided as seamless steel pipe with nominal outside diameter measuring 219.10mm and wall thickness measuring 8mm. Table 1 presents the range of nominal chemical composition of this microalloyed steel, according to the API 5L PSL2 Standard
12
. The ranges are adapted by the company VSB, as an international routine, to control its production and meet customers' specifications. The starting point for this research was an API X42R grade steel, in as hot-rolled condition. After that, heat treatments of normalizing and quenching/ tempering were performed, in order to try to achieve the X42N and X70Q grades, respectively.
The temperature of 910°C was adopted for the austenitizing temperature, due to the fact that the A C3 temperature for this steel is 835ºC, according to the manufacturer. For the normalizing heat treatment, specimens were austenitized in an electric resistance furnace, and air cooled to room temperature, aimed to obtain the API X42N grade. For the quenching/tempering heat treatment, the austenitization was performed in the same way as in the previous case. The quenching process was carried out in water at 30 o C, and the temperature of 650 o C for the tempering process was chosen to obtain the API X70Q grade.
Chemical analysis of the pipe was performed by means of an optical emission spectrometer. A specimen of 40mm x 40mm was removed from the pipe and analyzed, according to the API Standard 12 . Specimens taken from the transversal direction were mechanically polished and etched by a 2% Nital reagent. The microstructures were observed by a scanning electron microscope (SEM). Ferritic grain size and degree of banding were obtained through the ASTM E112 35 and ASTM E 1268 36 , respectively. All the mechanical tests were conducted at room temperature. Tensile, hardness and Charpy impact tests were performed according to the API 5L Standard
. Tensile tests, fracture toughness tests (J integral, R-curve) and fatigue crack growth tests (da/dN x ∆K) were conducted on a 10ton servo-hydraulic testing machine interfaced to a computer for machine control and data acquisition. Tensile specimens were taken from transversal direction, and made with rectangular section (length of reduced section = 59mm; width = 38mm). C(T) test specimens (7.2mm thick, 28.8mm wide) in T-L orientation were used for all the fracture toughness and fatigue tests. The SEM was used to characterize the fracture surfaces of all the mechanically tested specimens.
Fracture toughness tests (J-integral, R-curve) were carried out in accordance with the ASTM E1820 Standard 37 , under displacement control in test specimens with an a/W (crack size to width) equal to 0.50, displacement intervals of 0.2 mm, 10% of unloading at each step, two stages of unloading at each step, 5s of time interval for crack growth in each step. Experimental J integral estimates were made by separating the J value into elastic and plastic components. From the tests, the J-Δa curves were traced for the three steel grades and the value of J Q (the toughness of the material near the onset of crack extension) was calculated. In this work J Q ≠ J IC , once the thickness used for the test specimens did not satisfy the standard requirement. In other words, the results are a function of the thickness considered (constant in this case) to the test specimens and J Q is a size-dependent value of fracture toughness. Three test specimens were used for each steel grade. Fatigue crack growth tests were performed under a sinusoidal waveform at a frequency of 30Hz with a load ratio of 0.1, in accordance with the recommendations of ASTM E647 Standard 38 . Crack size curves as a function of the number of cycles have been obtained, and transformed to crack growth rate curves (da/dN) as a function of cyclic stress intensity factor (ΔK). Two test pieces were used to obtain these curves. The fatigue threshold value ∆K TH was defined as the stress intensity factor range at which the fatigue crack growth rate reached 1x10 -7 mm/cycle. This value was estimated by a K-decreasing procedure. Closure measurements (K CL /K max ) were calculated during the fatigue tests, through the compliance technique, where a change of linearity was formed in the applied load versus COD curve.
Results and Discussion
Chemical analysis of the hot-rolled steel studied confirms that the material meets the required specifications by the API 5L
12 . It is a steel with a relatively simple chemical composition, with a carbon equivalent CE IIW < 0.38 (maximum = 0.43). For the PSL2 level, the CE value is one of the main requirements in relation to the weldability of the material. In the present study, the carbon content (C < 0.2%) and CE indicate a region of good weldability in "Granville diagram" (chart relating the carbon content with carbon equivalent, indicating regions of weldability: good, with special care, and low) for HSLA and API steels 39, 40 . Another important point to be considered is the presence of vanadium (0.02%V) in the chemical composition of the steel, an element added mainly for precipitation strengthening and microstructure refinement. The presence of this unique microalloyed element allows the reduction of the carbon content, ensuring improved weldability and fracture toughness 28, 29 . Microstructural analysis showed that hot-rolled and normalized steels had a microstructure consisting of polygonal ferrite and pearlite with a slight banding -ASTM 36 degree of banding between 0.13 and 0.28, a common occurrence in hot-rolled, low alloy steels 41, 42 . Figure 1(a,b) shows these microstructures. Acicular ferrite, bainite or M-A constituent have not been verified. The normalized steel showed an ASTM ferritic grain size 9 while the hot-rolled steel showed an ASTM grain size 6 (ASTM 35 ), a reduction of approximately 30% in grain size. The quenched/tempered steel showed a matrix consisting of tempered martensite, bainite and a fine distribution of precipitated carbides (cementite particles), as shown in Figure 1(c) . As the steel studied has vanadium in its chemical composition, it should expect also the precipitation of vanadium carbides in all microstructures 28, 29 . Table 2 shows basic tensile mechanical properties obtained in this study for the three API steels. In this Table, the values specified by the API standard 12 for the three grades considered in this research are also presented. The first important conclusion from the analysis of Table 2 is that the hot rolled steel has met the requirements for the X42R grade of the API standard 12 . The two heat treatments applied to the X42R grade have changed the microstructure of this steel, to obtain the X42N and X70Q grades, respectively. To better analyze the structure-properties relationship, it is interesting to separate the materials under study in two families of HSLA API type steels: the ferrite-pearlite microstructure family (X42R and X42N) and the tempered martensite microstructure family (X70Q). The ferrite-pearlite steels family showed similar tensile mechanical properties, despite the change in its ferrite grain size, with resistance variation less than 5% and ductility variation less than 10%. The quenching and tempering heat treatment promoted a significant increase in the yield stress (between 48% and 55%, compared with X42R and X42N steels, respectively) and in the ultimate stress of the steel (between 18% and 22%, compared with the other steels, respectively), with a small loss of its ductility (between 11% and 18%, compared with the other steels, respectively). This behavior is consistent with the literature 13-19, 23-34, 43-53 , and can be explained by the presence of hardening constituents on its microstructure (tempered martensite, bainite and precipitates). Ductile behavior can still be observed in the three steels by their mechanism of fracture, regardless of the difference in mechanical properties: tensile test specimens showed the operation of the mechanism of nucleation, growth and coalescence of microvoids. All these results reaffirm the possibility to control mechanical properties through the choice of a suitable microstructure in a seamless pipe. From the perspective of increased mechanical strength, the X70Q grade steel obtained with the quenched and tempered microstructure stands out in this context, because it has been obtained from a relatively simple chemical composition and with a conventional heat treatment. Table 3 shows the hardness results of the different steel grades. The results are consistent with the purpose of each heat treatment: in the case of normalizing (X42N), it promotes a stress relief on the material, making it more homogeneous and reducing its hardness (reduction of 7% in comparison with the X42R steel); the quenching and tempering (X70Q) aims to increase the hardness (increase of 33% in comparison with the X42R steel) and tensile strength by martensitic transformation and precipitations. It is important to note that the hardness value of the X70Q steel refers to a tempered martensite microstructure. Comparing Tables 2 and 3 , it is interesting to observe the obedience of the traditional direct relationship between tensile mechanical strength and hardness for the steels. Tables 2 and 4 , it can be concluded that the steel with tempered martensite microstructure ensured a mechanical strength and ductility able to give a better impact toughness 13-19, 23-34, 43-53 . This behavior has been confirmed by fracture analysis of the test specimens, since the X70Q steel kept the ductile fracture mechanism at both temperatures. Table 5 compares tensile and Charpy impact results of this work with some results of the technical literature. It was considered the API X70 grade as a basis for comparison, i.e., Table 4 . Charpy impact properties of the studied steel.
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DF (%) results of API X70Q seamless steel of this work compared with results of the same API X70 grade from other researchers that obtained the steel by thermomechanical processing. This Table also shows the microalloying elements used in each steel, and the corresponding microstructures. Two important conclusions must be highlighted. Considering the route of manufacture of steel by thermomechanical processing, typical for welded steels, to provide comparable values of mechanical properties with seamless steel obtained by simple heat treatments, it is necessary the use of several microalloying elements. Still considering the typical route for welded steels, several thermomechanical parameters should be adjusted, for creating more complex microstructures than in the case of seamless steel. In order to ensure good mechanical properties, it is shown the complicated manufacturing process (and, of course, the greatest cost involved) of welded steels in relation to seamless steel, as emphasized in the introduction to this work.
The fracture toughness of the studied steels can be seen in Figure 2 , through the calculation of the J integral and the corresponding resistance curves (toughness J versus crack increment Δa). All construction lines required by ASTM E1820 are shown in this figure, with calculations made for the quenched and tempered steel. The J Q value represents the fracture toughness for starting stable crack growth. It can be observed that the quenched and tempered steel (X70Q) presented the best performance, i.e., a 50% increase in fracture toughness compared to the normalizing steel (X42N) and an increase of almost 80% in relation to the hot rolled steel (X42R). This fact is again due to its microstructure [13] [14] [15] [16] [17] [18] [19] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] , consisting of tempered martensite, bainite and precipitated carbides.
Just as in the case of tensile and impact tests, the fracture mechanism in steels tested to determine their fracture toughness was the same for the three microstructures, i.e., nucleation, growth and coalescence of microvoids, typical Nb + Ti + V PF + P + B + C YS = yield stress; UTS = ultimate stress; ELO = strain at fracture; AE = absorbed energy. PF: polygonal ferrite; AF: acicular ferrite; F: ferrite; M: martensite; P: pearlite; B: bainite; MA : martensite-austenite constituent; RA: retained austenite; C: carbides. ductile fracture. Figure 3 illustrates this mechanism for all steels. The fracture surface of the specimens analyzed corresponds approximately to a crack size related to the value of J Q . It is interesting to note the increased amount of dimples present in fractures of ferrite-pearlite families than the tempered martensite family, due to its greater ductility.
Fracture toughness is confronted with the tensile mechanical resistance in Figure 4 . To better analyze this relationship, it is interesting to separate again the steels in two families, of ferrite-pearlite microstructure (X42R and X42N) and of tempered martensite microstructure (X70Q). As also noted in the impact tests, the X70Q grade steel achieved a better combination of mechanical properties than the X42R and X42N grade steels.
With respect to the fatigue crack growth resistance, the behavior of the three steels is different in the near-threshold regime (region I, ΔK TH ) and similar in the linear regime (region II, the well-known Paris regime) of the traditional sigmoidal curve da/dN x ΔK. Figure 5 presents the fatigue crack growth rates of the steels as a function of ΔK. In the near-threshold regime, the fatigue crack growth rate of the X70Q grade steel was lower than that of the steels with ferrite-pearlite microstructure (a reduction of 31%). At higher crack growth rate the sigmoidal curves tended to converge. These behaviors can be explained by the crack closure phenomenon [20] [21] [22] 54, 55 . Figure 6 presents the crack closure levels of the three steels as a function of ΔK TH . It is possible to see that the K CL /K max ratio was slightly different for the X42R and X42N grade steels, but highly different for the X70Q grade steel (a reduction of 76%). Two mechanisms are considered to explain crack closure in this region: roughness and/or oxide. The fatigue specimens showed, for both steels studied, a transgranular fracture surface, without corrosion deposits. A rough surface was observed, suggesting the operation of roughness-induced crack closure.
Rough fracture surfaces with shear regions ("faceted" surfaces, characteristic of crystallographic crack growth) of ∆K near to crack growth threshold (da/dN , 10 -7 mm/cycle), and more flat fracture surfaces with fatigue striations in the linear region of crack growth (da/dN , 10 -4 mm/cycle) are illustrated in Figure 7 (a,b) for all steels. These different crack growth mechanisms are typical of fatigue cracking in the two regions 22, 54, 55 . The relationship between the threshold ΔK TH and tensile mechanical resistance can be seen in Figure 8 . It is possible to see the loss of fatigue crack growth resistance with increasing tensile mechanical strength. High tensile mechanical strength constrains the development of the plastic zone on the fatigue crack tip, thus reducing mechanisms that could act to raise the value of the fatigue crack growth threshold and the fatigue resistance. This result has also been found in several other studies 22, 54, 55 .
Conclusions
A seamless steel pipe with apropriate chemical composition was considered in three distinct conditionsas rolled, normalized and quenched and tempered. These conditions led to the achievement of three API 5L grades, showing that the effective choice of heat treatments can give to the seamless steel pipe a set of characteristics that meet the API Standard, even considering a relatively simple chemical composition and conventional heat treatments. The microstructural modifications and mechanical properties changes observed showed the sensitivity of the steel to the structure-properties relationship, and attempt to a proper selection as required by the structural design. The main conclusions are listed below.
1. The as-hot-rolled pipe presented a microstructure consisting of ferrite and pearlite, with basic mechanical properties that classified it as X42R. 2. The as-normalized pipe after hot rolling presented a microstructure also consisting of ferrite and pearlite, with basic mechanical properties that classified it as X42N. Their mechanical strength and hardness were slightly lower than the X42R steel; its ductility and impact resistance were slightly higher than the X42R steel. 3. The quenched and tempered pipe after hot rolling presented a microstructure consisting of tempered martensite, bainite and precipitates, with basic mechanical properties that classified it as X70Q. Their basic mechanical properties were significantly higher than those steels of ferrite and pearlite microstructure. 4. The fracture toughness of X70Q steel was higher than the X42R and X42N steels. Their fatigue resistance was lower, especially in the threshold region of crack growth.
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